Physiological Fluid Flow Moderates Fibroblast Responses to TGF-β1. by Nithiananthan, S. et al.
This is an author produced version of Physiological Fluid Flow Moderates Fibroblast 
Responses to TGF-β1..
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/106886/
Article:
Nithiananthan, S., Crawford, A., Cooper Knock, J. et al. (2 more authors) (2016) 
Physiological Fluid Flow Moderates Fibroblast Responses to TGF-β1. Journal of Cellular 
Biochemistry. ISSN 0730-2312 
https://doi.org/10.1002/jcb.25767
This is the peer reviewed version of the following article: Nithiananthan, Sadhvi, et al. 
"Physiological Fluid Flow Moderates Fibroblast Responses to TGF β1." Journal of Cellular ‐
Biochemistry (2016)., which has been published in final form at 
http://doi.org/10.1002/jcb.25767. This article may be used for non-commercial purposes in 
accordance with Wiley Terms and Conditions for Self-Archiving.
promoting access to
White Rose research papers
eprints@whiterose.ac.uk
http://eprints.whiterose.ac.uk/
Research Article 
Physiological fluid flow moderates fibroblast responses to TGF-ȕΏ 
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 Abstract 
)LEUREODVWV DUH WKH PDMRU FHOOXODU FRPSRQHQW RI FRQQHFWLYH WLVVXH DQG H[SHULHQFH
PHFKDQLFDOSHUWXUEDWLRQVGXH WRPDWUL[ UHPRGHOOLQJDQG LQWHUVWLWLDO IOXLGPRYHPHQW
7UDQVIRUPLQJJURZWKIDFWRUȕ7*)ȕFDQSURPRWHGLIIHUHQWLDWLRQRIILEUREODVWV in 
vitro WRDFRQWUDFWLOHP\RILEUREODVWLFSKHQRW\SHFKDUDFWHULVHGE\WKHSUHVHQFHRIĮ
VPRRWK PXVFOH DFWLQ Į60$ ULFK VWUHVV ILEUHV 7R VWXG\ WKH UROH RI PHFKDQLFDO
VWLPXODWLRQLQWKLVSURFHVVZHH[DPLQHGWKHUHVSRQVHRISULPDU\KXPDQILEUREODVWV
WRSK\VLRORJLFDOOHYHOVRIIOXLGPRYHPHQWDQGLWVLQIOXHQFHRQILEUREODVWGLIIHUHQWLDWLRQ
DQGUHVSRQVHVWR7*)ȕ
:H UHSRUW WKDW LQERWKRUDODQGGHUPDO ILEUREODVWVSK\VLRORJLFDO OHYHOVRI IOXLG IORZ
LQGXFHG ZLGHVSUHDG FKDQJHV LQ JHQH H[SUHVVLRQ FRPSDUHG WR VWDWLF FXOWXUHV
LQFOXGLQJ XSUHJXODWLRQRI JHQHVDVVRFLDWHGZLWK 7*)ȕVLJQDOOLQJDQGHQGRF\WRVLV
7*)ȕDFWLYLQ$DQGPDUNHUVRIP\RILEUREODVWGLIIHUHQWLDWLRQLQFOXGLQJĮ60$DQG
FROODJHQ,$ZHUHDOVRLQFUHDVHGE\IORZEXWVXUSULVLQJO\WKHFRPELQDWLRQRIIORZDQG
H[RJHQRXV7*)ȕUHVXOWHGLQUHGXFHGGLIIHUHQWLDWLRQ2XUILQGLQJVVXJJHVWWKLVPD\
UHVXOWIURPHQKDQFHGLQWHUQDOLVDWLRQRIFDYHROLQDQG7*)ȕUHFHSWRU,,
7KHVH ILQGLQJV VXJJHVW WKDW D ORZ OHYHOV RI IOXLG IORZ LQGXFH P\RILEUREODVW
GLIIHUHQWLDWLRQ DQG E IOXLG IORZ DQWDJRQLVHV WKH ILEUREODVW UHVSRQVH WR SUR
GLIIHUHQWLDWLRQ VLJQDOV VXFK DV 7*)ȕ :H SURSRVH WKDW WKLV PD\ EH D QRYHO
PHFKDQLVPE\ZKLFKPHFKDQLFDOIRUFHVEXIIHUUHVSRQVHVWRFKHPLFDOVLJQDOVin vivo
PDLQWDLQLQJDFRQWH[WVSHFLILFILEUREODVWSKHQRW\SH
7KLVDUWLFOHLVSURWHFWHGE\FRS\ULJKW$OOULJKWVUHVHUYHG







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Introduction 

$OO OLYLQJ FHOOV DUH FRQVWDQWO\ H[SRVHG WR D QXPEHU RI SK\VLFDO IRUFHV 5HSDLU DQG
GHYHORSPHQWRIDQRUJDQRUDWLVVXHLVJRYHUQHGE\WKHLQWHJUDWLRQRIERWKSK\VLFDO
IRUFHV DQG FKHPLFDO VLJQDOV 0DPPRWR DQG ,QJEHU  7KHVH SK\VLFDO IRUFHV
FRPSULVHERWKHQGRJHQRXVIRUFHVVXFKDVF\WRVNHOHWDOFRQWUDFWLOLW\DQGH[RJHQRXV
IRUFHV VXFK DV VKHDU VWUHVV DQG LQWHUVWLWLDO IOXLG IORZ &HOOV VHQVH DQG UHVSRQG WR
WKHVH GLIIHUHQW FXHV WR PDLQWDLQ KRPHRVWDVLV +RZHYHU LQ SDWKRORJLFDO FRQGLWLRQV
VXFKDVILEURVLV%DQDQG7ZLJJDQGFDQFHU6ZDUW]DQG/XQGWKHVH
DGDSWLYHPHFKDQLVPVDUHGLVUXSWHG

7KH PLFURHQYLURQPHQWV RI JURZLQJ WXPRXUV DQG KHDOLQJ ZRXQGV DUH NQRZQ WR EH
KLJKO\ G\QDPLF 6FKXOW] HW DO  :LLJ HW DO  EXW JHQHUDOO\ GLVSOD\
LQFUHDVHG PHFKDQLFDO VWLIIQHVV +DQGRUI HW DO  GXH WR DFFXPXODWLRQ DQG
UHRUJDQLVDWLRQ RI H[WUDFHOOXODU PDWUL[ (&0 SURWHLQV DQG LQFUHDVHG LQWHUVWLWLDO IOXLG
IORZ -DLQ HW DO  )LEUREODVWV DUH WKH PDLQ FHOOXODU FRPSRQHQW RI FRQQHFWLYH
WLVVXH DQG VHFUHWH FRPSRQHQWV RI (&0 VXFK DV FROODJHQ DQG PDWUL[ PRGLI\LQJ
SURWHDVHV LQFOXGLQJ PDWUL[ PHWDOORSURWHDVHV 003V 7KH\ FDQ GLIIHUHQWLDWH LQWR
P\RILEUREODVWV ZKHQ VWLPXODWHG E\ 7*)ȕ DQG RWKHU SURGLIIHUHQWLDWLRQ VLJQDOV
+LQVOH\ HW DO  D WUDQVLWLRQ ZKLFK LV FKDUDFWHULVHG E\ LQFUHDVHG
SKRVSKRU\ODWLRQRI60$'.DPDWRHWDOHQKDQFHGH[SUHVVLRQRIĮVPRRWK
PXVFOHDFWLQ Į60$ +RQGDHWDO  FROODJHQ ,$DQGRWKHUPDWUL[SURWHLQV
3DQHWDO0\RILEUREODVWVGHYHORSĮ60$ULFKVWUHVVILEUHVWKDWHQDEOHWKHP
WRFRQWUDFWWRSURPRWHZRXQGFORVXUHDQGXSRQFRPSOHWLRQRIKHDOLQJWKH\XQGHUJR
DSRSWRVLV+RZHYHULQSDWKRORJLFDOFRQGLWLRQVVXFKDVFDQFHUZKHUHWKHUHDUHKLJK
OHYHOVRI LQWHUVWLWLDO IOXLGIORZDQGDQJLRJHQHVLV7KDQQLFNDOHWDO ILEUREODVWV
UHPDLQDFWLYDWHGLQGHILQLWHO\DQGWKLVLVDVVRFLDWHGZLWKSRRUSURJQRVLV9HUHGHWDO


$VPRVWVWXGLHVRQ7*)ȕLQGXFHGILEUREODVWGLIIHUHQWLDWLRQKDYHEHHQSXUVXHGLQD
VWDWLFFXOWXUHHQYLURQPHQW LW LVKLJKO\ OLNHO\ WKDW7*)ȕVWLPXODWHG ILEUREODVWVPD\
VKRZ YDULDWLRQV LQ WKHLU SKHQRW\SH LQ D SK\VLRORJLFDOO\ UHOHYDQW G\QDPLF
HQYLURQPHQWLQZKLFKFHOOVH[SHULHQFHERWKSK\VLFDOIRUFHVDQGFKHPLFDOVLJQDOVΊωωϋϖ
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7KHDLPRI WKLV VWXG\ZDV WR LQYHVWLJDWH WKH UHVSRQVHRI ILEUREODVWV WRPHFKDQLFDO
IRUFHVDQGFKHPLFDOVLJQDOV LQDSK\VLRORJLFDOO\UHOHYDQWG\QDPLFHQYLURQPHQW:H
UHSRUW WKDW IOXLG IORZFRQIHUVDQÄDFWLYDWHG(?SKHQRW\SH WRQRUPDO ILEUREODVWVDQG WKLV
GLIIHUHQWLDWLRQ LV UHYHUVHGZKHQ IORZ LVZLWKGUDZQDQG UHGXFHG LQ WKHSUHVHQFHRI
H[RJHQRXV7*)ȕ:H UHYHDO WKDW LQFUHDVHG OHYHOVRI7*)ȕDQGDFWLYLQ$PD\
PHGLDWH WKLV DFWLYDWLRQ RI ILEUREODVWV E\ IORZ DQG WKDW DQ LQFUHDVH LQ HQGRF\WRVLV
LQFOXGLQJLQWHUQDOLVDWLRQRI7*)ȕ5,,FRXOGH[SODLQWKHUHGXFHGUHVSRQVHWR7*)ȕ
XQGHU IORZ 2XU UHVXOWVSURYLGH WKH ILUVWHYLGHQFHRI IOXLG IORZPHGLDWHG ³WHQVLRQDO
KRPHRVWDVLV´ WKDWEXIIHUVWKHILEUREODVWSKHQRW\SH LQUHVSRQVHWRSURGLIIHUHQWLDWLRQ
VLJQDOVVXFKDV7*)ȕDQGPHFKDQLFDOIRUFHVH[SHULHQFHGin vivo

Results 

Dermal fibroblasts show variations in gene expression when subjected to fluid 
flow 
,Q RUGHU WR LGHQWLI\ IOXLG IORZ LQGXFHG FKDQJHV LQ JHQH H[SUHVVLRQ SURILOH RI
ILEUREODVWV ZH SHUIRUPHG PLFURDUUD\ DQDO\VLV RI WUDQVFULSW OHYHOV LQ GHUPDO
ILEUREODVWV VXEMHFWHG WR SK\VLRORJLFDO UDWHV RI IOXLG IORZ  DQG  OPLQ
$$KOXZDOLD  6EUDQD DQG $KOXZDOLD  9LQFL HW DO E XVLQJ WKH
H[SHULPHQWDOVHWXSLOOXVWUDWHGLQ)LJXUHD8VLQJWKLVDSSURDFKZHLGHQWLILHG
WUDQVFULSWV GLIIHUHQWLDOO\ H[SUHVVHG EHWZHHQ GHUPDO ILEUREODVWV LQ VWDWLF DQG IORZ
FRQGLWLRQVSDWERWKIORZUDWHVDQGOPLQ)LJE7KH9ROFDQRSORW
RI WKH WRSJHQHVGLVSOD\LQJYDULDWLRQV LQ WKHLUH[SUHVVLRQXQGHU IOXLG IORZ 
OPLQFRPSDUHGWRVWDWLF)LJF3ULQFLSDO&RPSRQHQW$QDO\VLV3&$RIWKH
JHQHVDOWHUHG LQGHUPDO ILEUREODVWVVXEMHFWHGWR IORZWUHDWPHQWDQGOPLQ
VKRZVWKDWWKHILUVWSULQFLSDOFRPSRQHQWFRQWDLQLQJWKHPDMRULW\RIYDULDELOLW\LQWKHVH
JHQHVFOHDUO\VHSDUDWHVWKHVDPSOHVH[SRVHGWRVWDWLFFRQGLWLRQVIURPWKHVDPSOHV
H[SRVHGWRIOXLGIORZDQGȝOPLQ)LJG,QRUGHUWRIXUWKHUFKDUDFWHULVHWKH
HIIHFWV RI IOXLG IORZ RQ ILEUREODVWV WKH WUDQVFULSWV DOWHUHG XQGHU IORZ  DQG 
OPLQZHUHH[DPLQHGIRUIXQFWLRQDOHQULFKPHQW7KH.(**SDWKZD\VZKLFKZHUH
PRVW KLJKO\ FKDQJHG XQGHU IORZ ZHUH WKH 7*) ȕ VLJQDOOLQJ SDWKZD\ DQG JHQHV
DVVRFLDWHGZLWKFODWKULQDQGFDYHROLQPHGLDWHGHQGRF\WRVLV)LJXUHHDQGIVKRZ
WKHWRSIORZDOWHUHGJHQHVSIXQFWLRQDOO\DVVRFLDWHGZLWKHQGRF\WRVLVDQG
WKH7*)ȕSDWKZD\UHVSHFWLYHO\Ίωωϋϖ
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ϚϏωϒϋ
This article is protected by copyright. All rights reserved

E[SUHVVLRQ RI Į-SMA and collagen IA1 in dermal and oral fibroblasts is 
regulated by fluid flow.
*LYHQWKDWJHQHVDVVRFLDWHGZLWK7*)ȕVLJQDOOLQJZHUHDOWHUHGXQGHUIOXLGIORZ
DQGOPLQLQRUGHUWRIXUWKHUFKDUDFWHULVHWKHHIIHFWVRIIOXLGIORZRQILEUREODVWV
ZHVWXGLHGJHQHH[SUHVVLRQFKDQJHVLQP\RILEUREODVWDVVRFLDWHGPDUNHUVVXFKDVĮ
60$)LJDEDQG&RO,$)LJFGLQGHUPDODQGRUDOILEUREODVWVVXEMHFWHGWR
IOXLG IORZ 7*)ȕ VWLPXODWHG FHOOV WUHDWHG LQ VWDWLF FXOWXUHV ZHUH XVHG DV SRVLWLYH
FRQWUROV IRU P\RILEUREODVW GLIIHUHQWLDWLRQ  $V SUHYLRXVO\ UHSRUWHG +LQVOH\ HW DO
ZHREVHUYHGWKDW7*)ȕVWLPXODWLRQLQFUHDVHGWKHOHYHOVRIĮ60$DQG&RO
,$H[SUHVVLRQLQGHUPDODQGRUDOILEUREODVWVLQVWDWLFFRQGLWLRQV)LJDE)OXLGIORZ
OPLQLQFUHDVHGĮ60$JHQHH[SUHVVLRQE\IROGLQGHUPDODQGIROGLQ
RUDOILEUREODVWV8QGHUWKHLQIOXHQFHRIIOXLGIORZ&RO,$JHQHH[SUHVVLRQLQFUHDVHG
E\IROGLQGHUPDODQGIROGLQRUDOILEUREODVWV)LJFG+RZHYHUZKHQ7*)
ȕ VWLPXODWHG ILEUREODVWV ZHUH WUHDWHG E\ IOXLG IORZ   OPLQ Į60$ JHQH
H[SUHVVLRQ GHFUHDVHG E\  IROG LQ GHUPDO DQG  IROG LQ RUDO ILEUREODVWV LQ
FRPSDULVRQWRWKRVHVXEMHFWHGWRIOXLGIORZWUHDWPHQWLQWKHDEVHQFHRI7*)ȕ)LJ
D E 6LPLODUO\ &RO ,$ JHQH H[SUHVVLRQ DOVR GHFUHDVHG E\  IROG LQ GHUPDO
ILEUREODVWVDQGIROGLQRUDO ILEUREODVWVVWLPXODWHGE\7*)ȕXQGHUFRQGLWLRQVRI
IOXLGIORZFRPSDUHGWRILEUREODVWVVXEMHFWHGWRIOXLGIORZRQO\)LJFG

'HUPDOILEUREODVWVWUHDWHGZLWKIOXLGIORZOPLQUHYHDOHGLQWHQVHVWDLQLQJRIĮ
60$ ULFKVWUHVV ILEUHVZKHUHDV7*)ȕVXSSOHPHQWHGDQG IORZ WUHDWHG ILEUREODVWV
VKRZYHU\OLWWOHĮ60$VWDLQLQJ)LJH1RWDEO\WKHVHLPPXQRIOXRUHVFHQFHVWXGLHV
RQĮ60$H[SUHVVLRQDUHFRQFRUGDQWZLWKWKHUHVXOWVIURPJHQHH[SUHVVLRQDQDO\VLV
+RZHYHUZKHQGHUPDO ILEUREODVW VXEMHFWHG WR IOXLG IORZ OPLQ IRUKZHUH
DOORZHGWRUHVWLQVWDWLFFRQGLWLRQVIRUKWKHLQWHQVLW\RIĮ60$VWDLQLQJGHFUHDVHG
)LJI

7R VWXG\ WKH IXQFWLRQDO UROH RI 7*)ȕ SDWKZD\ LQ IOXLG IORZ LQGXFHG ILEUREODVW
DFWLYDWLRQE\WUHDWLQJGHUPDOILEUREODVWVZLWKIOXLGIORZIRUK7*)ȕVXSSOHPHQWHG
DQG IORZ WUHDWHG ILEUREODVWV ZHUH XVHG DV SRVLWLYH FRQWUROV ([SUHVVLRQ RI
SKRVSKRU\ODWHG 60$' ZDV VWXGLHG E\ LPPXQRIOXRUHVFHQFH )LJ J DQG E\
ZHVWHUQ EORWWLQJ )LJ K ,PPXQRIOXRUHVFHQFH ILQGLQJV LQGLFDWHG WKDWΊωωϋϖ
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SKRVSKRU\ODWHG 60$' SURWHLQ WUDQVORFDWHG WR WKH QXFOHXV XQGHU IOXLG IORZ
WUHDWPHQW DV ZHOO DV LQ 7*)ȕ VXSSOHPHQWHG DQG IORZ WUHDWHG ILEUREODVWV
&RQFRUGDQWO\SURWHLQEORWDQDO\VLVRISKRVSKRU\ODWHG60$'DOVRVKRZHGLQFUHDVH
LQSURWHLQH[SUHVVLRQZKHQILEUREODVWVZHUHVXEMHFWHGWRIOXLGIORZ

Cell associated and secreted TGF-ȕ is enhanced under fluid flow. 
7RDVVHVVHIIHFWRIIOXLGIORZRQSURWHLQH[SUHVVLRQRI7*)ȕZHH[WUDFWHGSURWHLQ
VDPSOHV IURP ERWK FHOOXODU O\VDWH DQG FRQGLWLRQHG PHGLXP RI GHUPDO ILEUREODVWV
VXEMHFWHGWRIORZOPLQDQGVWDWLFWUHDWPHQWV6HFUHWHG7*)ȕLQFRQGLWLRQHG
PHGLXP)LJDDQGFHOODVVRFLDWHG7*)ȕ)LJEZHUHHOHYDWHGLQFRPSDULVRQ
WR VWDWLF FXOWXUHV ZLWK VHFUHWHG 7*)ȕ SURWHLQ EHLQJ VLJQLILFDQWO\ S  KLJKHU
XQGHU IORZ)XUWKHUDQDO\VLVE\ LPPXQRIOXRUHVFHQFHGHWHFWLRQRI7*)ȕ UHYHDOHG
PRUH LQWHQVH VWDLQLQJ LQ WKH SHULQXFOHDU UHJLRQ LQ ILEUREODVWV VXEMHFWHG WR IORZ
)LJGFRPSDUHGWRWKRVHLQVWDWLFFXOWXUH)LJF

Fluid flow enhances internalisation of caveolin-1A and nuclear translocation of 
the TGF-ȕUHFHSWRU type 2.  

7RH[SORUHZKHWKHU WKHGHFUHDVH LQ WKHDFWLYDWLRQ UHVSRQVH LQ7*)ȕVWLPXODWHG
ILEUREODVWV VXEMHFWHG WR IOXLG IORZZDVPHGLDWHGE\FKDQJHV LQHQGRF\WRVLV &KHQ
ZHVWXGLHGWKHSURWHLQH[SUHVVLRQRIFDYHROLQ$XQGHUIORZZLWKDQGZLWKRXW
FHOO SHUPHDELOL]DWLRQ WR GHWHFW ERWK PHPEUDQH ERXQG DQG F\WRSODVPLF SURWHLQ
H[SUHVVLRQ 7KH UHVXOWV VKRZHG WKDW ILEUREODVWV LQ VWDWLF FXOWXUH FRQGLWLRQV KDG
LQWHQVH VWDLQLQJ IRU FDYHROLQ$ RQ WKH FHOO VXUIDFH )LJ D DQG ORZ F\WRSODVPLF
H[SUHVVLRQ )LJ E &\WRSODVPLF H[SUHVVLRQ RI FDYHROLQ $ ZDV LQFUHDVHG LQ
ILEUREODVWVVXEMHFWHGWRIORZLQERWK7*)ȕVWLPXODWHGDQGXQVWLPXODWHGFRQGLWLRQV
VXJJHVWLQJWKDWXQGHUWKHLQIOXHQFHRIIOXLGIORZPHPEUDQHERXQGFDYHROLQ$ZDV
LQWHUQDOLVHGLQWRWKHFHOO

)LEUREODVWV XQGHU IORZ ZHUH GRXEOH LPPXQRODEHOOHG WR VLPXOWDQHRXVO\ GHWHFW HDUO\
HQGRVRPDO DQWLJHQ DQ HQGRVRPDO PDUNHU DQG WUDQVIRUPLQJ JURZWK IDFWRU EHWD
UHFHSWRU  7*)ȕ5,, WKH PDMRU SK\VLRORJLFDO UHFHSWRU IRU 7*) ȕ +HOGLQ DQG
0RXVWDNDV)LJ/LWWOHH[SUHVVLRQRI(($DQG7*)ȕ5,,ZDVGHWHFWHGLQΊωωϋϖ
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ILEUREODVWV LQEDVDOVWDWLFFRQGLWLRQV7*)ȕVWLPXODWLRQ LQVWDWLFFXOWXUHUHVXOWHGLQ
HQKDQFHGH[SUHVVLRQRI(($DQGIOXLG IORZWUHDWPHQW WULJJHUHGQRWRQO\DVLPLODU
LQFUHDVH LQ H[SUHVVLRQ RI (($ EXW DOVR SURPRWHG LQWHUQDOLVDWLRQ DQG QXFOHDU
WUDQVORFDWLRQ RI 7*)ȕ5,, 7KH FRPELQDWLRQ RI 7*) ȕ VWLPXODWLRQ DQG IOXLG IORZ
DOVRLQGXFHGQXFOHDUWUDQVORFDWLRQRI7*)ȕ5,,)LJ

Activin A expression is modulated by fluid flow.
2XU PLFURDUUD\ DQDO\VLV UHYHDOHG DFWLYLQ $ LV RQH RI WKH WRS  JHQHV DVVRFLDWHG
ZLWKWKH7*)ȕSDWKZD\DOWHUHGXQGHUIOXLGIORZVXJJHVWLQJWKDWDFWLYLQ$PD\SOD\D
UROHLQIOXLGIORZPHGLDWHGILEUREODVWDFWLYDWLRQDQGEXIIHULQJRIUHVSRQVHVWR7*)ȕ
,Q FRQFRUGDQFH ZLWK WKH PLFURDUUD\ UHVXOWV T3&5 DQDO\VLV UHYHDOHG DFWLYLQ $
WUDQVFULSW OHYHOV ZHUH LQFUHDVHG E\  IROG LQ GHUPDO ILEUREODVWV VXEMHFWHG WR IOXLG
IORZIRUK)LJD7KLVZDVUHGXFHGE\IROGLQ7*)ȕVWLPXODWHGILEUREODVWV
VXEMHFWHG WR IOXLG IORZ DV FRPSDUHG WR WKRVHXQGHU IOXLG IORZRQO\&HOODVVRFLDWHG
)LJ E DQG VHFUHWHG )LJ F DQG SURWHLQ OHYHOV RI DFWLYLQ $ ZHUH PHDVXUHG E\
(/,6$ LQFHOO O\VDWHVDQGFRQGLWLRQHGPHGLXPDIWHU IOXLG IORZVWLPXODWLRQRIGHUPDO
ILEUREODVWV LQWKHSUHVHQFHDQGDEVHQFHRI7*)ȕ5HVXOWVUHYHDOHGWKDWDFWLYLQ$
ZDVVLJQLILFDQWO\ S LQFUHDVHG LQ WKHFRQGLWLRQHGFXOWXUHPHGLXPDQG LQFHOO
H[WUDFWVRI ILEUREODVWVVXEMHFWHG WR IORZ7*)ȕVWLPXODWHGILEUREODVWV LQVWDWLFDQG
IOXLGIORZFRQGLWLRQVDOVRVKRZHGHOHYDWHGOHYHOVRIFHOODVVRFLDWHGEXWQRWVHFUHWHG
DFWLYLQ$

7RVWXG\ZKHWKHUDFWLYDWLRQRIILEUREODVWVLVUHJXODWHGE\DFWLYLQ$GHUPDOILEUREODVWV
ZHUH WUHDWHG ZLWK  QJPO DFWLYLQ $ DQG Į60$ SURWHLQ ZDV GHWHFWHG E\
LPPXQRIOXRUHVFHQFH  ,WZDVREVHUYHGWKDWDFWLYLQ$VWLPXODWLRQ LQVWDWLFFRQGLWLRQV
LQFUHDVHG H[SUHVVLRQ RI Į60$ )LJ D WR D VLPLODU OHYHO REVHUYHG LQ ILEUREODVWV
VWLPXODWHGZLWK7*)ȕ :KHQDFWLYLQ$VWLPXODWHG ILEUREODVWVZHUH WUHDWHGZLWK
QJPO )ROOLVWDWLQ DQ DFWLYLQ $ DQWDJRQLVW SURWHLQ H[SUHVVLRQ RI Į60$
GHFUHDVHG LQ FRPSDULVRQ WR FHOOV WUHDWHG ZLWK DFWLYLQ $ DORQH ,PDJH - EDVHG
TXDQWLILFDWLRQRIĮ60$VWDLQLQJ)LJEDQGFUHYHDOHGWKDWWUHDWPHQWRI7*)ȕ
VWLPXODWHGGHUPDOILEUREODVWVZLWKIROOLVWDWLQLQVWDWLFFRQGLWLRQVDOVRVLJQLILFDQWO\
GHFUHDVHGWKHSURWHLQH[SUHVVLRQRIĮ60$S7KHVHUHVXOWVLQGLFDWHWKDWΊωωϋϖ
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DFWLYLQ $ FRQWULEXWHV WR IOXLG IORZPHGLDWHG DQG 7*) ȕ VWLPXODWHG ILEUREODVW
DFWLYDWLRQ
 
Discussion
7R GDWH VWXGLHV RQ ILEUREODVW GLIIHUHQWLDWLRQ KDYH ODUJHO\ EHHQ SXUVXHG LQ VWDWLF
FRQGLWLRQV ZKHUH FHOOV DUHGHYRLGRI SK\VLFDO VLJQDOV WKDW UHVHPEOH LQWHUVWLWLDO IOXLG
IORZ in vivo. 7KH KLJKO\ G\QDPLF HQYLURQPHQW LQ ZKLFK ILEUREODVWV UHVLGH DQG WKH
HIIHFWRI ORFDOO\GHULYHGVLJQDOVLQWKLVSK\VLRORJLFDOO\UHOHYDQWG\QDPLFHQYLURQPHQW
KDYH EHHQ VRPHZKDW QHJOHFWHG WR GDWH :H UHSRUW KHUH WKDW SDWKZD\V PHGLDWLQJ
ILEUREODVWDFWLYDWLRQDUHUHJXODWHGE\SK\VLRORJLFDOO\UHOHYDQWIOXLGIORZFRQGLWLRQV

:H XVHG WKH 4XDVLYLYR IORZ SHUIXVLRQ ELRUHDFWRU WR PLPLF VKHDU VWUHVVHV
H[SHULHQFHGE\FHOOVDWDWLVVXHOHYHO$$KOXZDOLD9LQFLHWDOD8QGHU
SK\VLRORJLFDO FRQGLWLRQV PHVHQFK\PDO VWHP FHOOV H[SHULHQFH VKHDU VWUHVVHV LQ WKH
RUGHURI3DWR3D6KLHKDQG6ZDUW])URPSUHYLRXVVWXGLHVRQWKH
SURWRW\SHRI49ELRUHDFWRUXVHGLQRXUVWXG\ZHKDYHHVWLPDWHGWKDWZDOOVKHDU
VWUHVV H[SHULHQFHG E\ FHOOV DW D IOXLG IORZ YHORFLW\ RI  OPLQ LV [  3D
0D]]HL HW DO  )ORZ UDWHV  DQG  ȝOPLQ XVHG LQ RXU VWXG\ DUH ORZHU
WKDQ WKRVH XVHG LQ DQRWKHU VWXG\  OPLQ ZKHUH HIIHFW RI IOXLG IORZ RQ
KHSDWRF\WH SUROLIHUDWLRQ DQG JURZWK ZDV LQFUHDVHG 9LQFL HW DO D )URP WKH
ERG\RIOLWHUDWXUHRQWKH4XDVLYLYRELRUHDFWRUZHFRQFOXGHGWKDWLWLVOLNHO\WKDWWKH
IORZ UDWHV XVHG LQ RXU VWXG\ DUH ZLWKLQ WKH SK\VLRORJLFDO UDQJH LQ ZKLFK FHOOV DUH
H[SRVHGWRin vivo

2XU ILQGLQJV VWUHQJWKHQ SUHYLRXV ZRUN ZKHUH LW ZDV REVHUYHG WKDW LQWHUVWLWLDO IOXLG
IORZFDQDFWLYDWHILEUREODVWVZKHQVXEMHFWHGWRIOXLGIORZDWUDWHRIOPLQ1JHW
DO  +HUH ZH VKRZ WKDW HYHQ VXFK ORZ OHYHOV RI VKHDU VWUHVVHV FDQ LQGXFH
FKDQJHVLQWKHJOREDOJHQHH[SUHVVLRQSURILOHLQERWKGHUPDODQGRUDOILEUREODVWVDQG
DFWLYDWH ILEUREODVWVRIERWKGHUPDODQGRUDORULJLQ7KLV LQFOXGHGXSUHJXODWLRQRID
QXPEHURIPHPEHUVRIWKH7*)ȕIDPLO\DJURXSRIJURZWKIDFWRUVZLWKNH\UROHVLQ
UHJXODWLQJILEUREODVWSKHQRW\SH0LFURDUUD\DQDO\VLVRIKLJKO\HQULFKHGJHQHVVRUWHG
RQWKHEDVLVRIVWDWLVWLFDOVLJQLILFDQFHDOWHUHGXQGHUIOXLGIORZDWERWK	OPLQ
VKRZHGXSUHJXODWLRQRI7*)ȕSDWKZD\PRGXODWRUVVXFKDVDFWLYLQ$60$'DQG
GRZQUHJXODWLRQRISDWKZD\DQWDJRQLVWVΊωωϋϖ
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
7*)ȕVWLPXODWLRQLQFUHDVHGH[SUHVVLRQRIĮ60$LQILEUREODVWVLQVWDWLFFRQGLWLRQV
LQ NHHSLQJ ZLWK RXU SUHYLRXV ILQGLQJV +LQVOH\ HW DO  1RWDEO\ IOXLG IORZ XS
UHJXODWHGJHQHH[SUHVVLRQRIĮ60$DQG&RO ,$ LQ ILEUREODVWVRIERWKGHUPDODQG
RUDO RULJLQ GHVSLWH WKHUH EHLQJ HYLGHQFH WKDW WKHUH DUH SKHQRW\SLF GLIIHUHQFHV
EHWZHHQ ILEUREODVWV IURP WKHVH WZR DQDWRPLFDO VLWHV *OLP HW DO  +RZHYHU
7*)ȕVWLPXODWLRQXQGHU IOXLG IORZDQWDJRQLVHG WKLVDFWLYDWLRQUHVSRQVH LQFHOOVRI
ERWK RULJLQ ,W LV SRVVLEOH WKDW WKH H[RJHQRXV 7*)ȕ LQ DGGLWLRQ WR LQFUHDVHG
HQGRJHQRXVOHYHOVZLWKIORZUHVXOWVLQVXSUDSK\VLRORJLFDODPRXQWVZKLFKPD\LQKLELW
WKLVUHVSRQVH7KHIOXLGIORZLQGXFHGFKDQJHVLQILEUREODVWSKHQRW\SHZHUHVKRZQWR
EHUHYHUVLEOH

,Q RUGHU WR EHJLQ WR H[DPLQH WKH VLJQDOOLQJ PHFKDQLVPV XQGHUO\LQJ WKHVH
REVHUYDWLRQV 60$' SKRVSKRU\ODWLRQ ZDV DQDO\VHG 60$' LV D WUDQVFULSWLRQ
IDFWRU ZKLFK UHPDLQV ORFDOLVHG WR WKH F\WRSODVP LQ XQVWLPXODWHG FHOOV 8SRQ
DFWLYDWLRQRI7*)ȕUHFHSWRUV60$'LVSKRVSKRU\ODWHGE\7*)ȕ5$ONDQG$ON
:ULJKWRQ HW DO  DQG WUDQVORFDWHV WR WKH QXFOHXV 1XFOHDU ORFDOL]DWLRQ RI
SKRVSKRU\ODWHG 60$' LQ GHUPDO ILEUREODVWV VXEMHFWHG WR 7*)ȕ VWLPXODWLRQ DQG
IOXLGIORZVXJJHVWVDFWLYDWLRQRIWKH7*)ȕSDWKZD\HYHQZLWKLQKRIIORZWUHDWPHQW
,WLVOLNHO\WKDW60$'LVSKRVSKRU\ODWHGWUDQVLHQWO\GXHWRHOHYDWHGOHYHOVRI7*)ȕ
LQWKHFLUFXODWLQJPHGLXPHYHQZLWKLQKIORZDQGLVGHSKRVSKRU\ODWHGZLWKWLPHGXH
WRFDYHROLQPHGLDWHGPHPEUDQH WUDIILFNLQJRI7*)ȕERXQGUHFHSWRUFRPSOH[ LQWR
WKHQXFOHXV:KLOVWZHFDQQRWUXOHRXWWKHLQYROYHPHQWRIRWKHUVLJQDOOLQJSDWKZD\V
RXU PLFURDUUD\ GDWD UHYHDO GRZQUHJXODWLRQ LQ JHQH H[SUHVVLRQ RI RWKHU 560$'V
IURP%03VLJQDOOLQJLQFOXGLQJ60$'DQG60$'

6WXGLHV KDYH VKRZQ WKDW IOXLG IORZ LQGXFHV VKHDU VWUHVVHV LQ WKH SUR[LPDO WXEXOH
5DJKDYDQDQG:HLV] 5DJKDYDQ HW DO 1RWDEO\ LQ RXU VWXG\ JHQHV
DVVRFLDWHG ZLWK HQGRF\WRVLV ZHUH PRGLILHG E\ IOXLG IORZ LQ ILEUREODVWV ,Q OLQH ZLWK
WKLV LQWHQVH VWDLQLQJ RI FDYHROLQ $ LV REVHUYHG LQ WKH F\WRSODVP RI ILEUREODVWV
VXEMHFWHG WR IOXLG IORZ LQ WKH SUHVHQFH DQG DEVHQFH RI 7*)ȕ VXJJHVWLQJ
HQGRF\WRVLVFRQWULEXWHVWRWKLVIOXLGIORZLQGXFHGPHFKDQRUHVSRQVHLQILEUREODVWV
 Ίωωϋϖ
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,Q RXU HIIRUWV WR LGHQWLI\ WKH PROHFXODU PHFKDQLVPV UHVSRQVLEOH IRU ILEUREODVW
GLIIHUHQWLDWLRQ XQGHU IORZ DQG WKH EXIIHULQJ RI UHVSRQVHV WR 7*)ȕ ZH REVHUYHG
WKDW UHFRPELQDQW DFWLYLQ $ D JHQH XSUHJXODWHG E\ IORZ FDQ DFWLYDWH GHUPDO
ILEUREODVWVDQGWKDWWKLVLVLQKLELWHGE\IROOLVWDWLQ)ROOLVWDWLQDWWHQXDWHV7*)
ȕ PHGLDWHG ILEUREODVW GLIIHUHQWLDWLRQ E\ LQKLELWLQJ QRW RQO\ DFWLYLQ $ EXW DOVR
P\RVWDWLQ 5RGLQR.ODSDF HW DO  D GRZQVWUHDP UHJXODWRU RI WKH 7*)ȕ
SDWKZD\$FWLYLQ$ZDVGRZQUHJXODWHGLQ7*)ȕVWLPXODWHGILEUREODVWVVXEMHFWHGWR
IOXLG IORZ FRQGLWLRQV WKXV VWUHQJWKHQLQJ RXU K\SRWKHVLV WKDW ILEUREODVW DFWLYDWLRQ LV
PHGLDWHGE\DFWLYLQ$)XPDJDOOL HWDOKDYHVKRZQ WKDW LQ WLVVXHVHFWLRQVRI
K\SHUWURSKLFVFDUVWKHUHZHUHKLJKQXPEHUVRIĮ60$P\RILEUREODVWVZKLFKFR
H[SUHVV DFWLYLQ $ )XUWKHUPRUH WUHDWPHQW RI ILEUREODVWV ZLWK DFWLYLQ $ LQGXFHG $NW
SKRVSKRU\ODWLRQ SURPRWHG FHOO SUROLIHUDWLRQ DQG HQKDQFHG Į60$ DQG W\SH ,
FROODJHQH[SUHVVLRQ)ROOLVWDWLQUHGXFHGSUROLIHUDWLRQDQGVXSSUHVVHGDFWLYLQLQGXFHG
FROODJHQH[SUHVVLRQVXJJHVWLQJWKDWLQKLELWLRQRIDFWLYLQ$FDQSRWHQWLDOO\DWWHQXDWHĮ
60$H[SUHVVLRQ)XPDJDOOLHWDO$OWKRXJKFHOODVVRFLDWHGDFWLYLQ$ZDVKLJK
LQ ILEUREODVWV WUHDWHG ZLWK 7*)ȕ DQG IORZ WKH SURWHLQ ZDV QRW VHFUHWHG LQWR WKH
FXOWXUH PHGLXP VXJJHVWLQJ WKDW VHFUHWLRQ RI DFWLYLQ $ LV LQKLELWHG E\ 7*)ȕ
VXSSOHPHQWDWLRQ ,W LV SRVVLEOH WKDW VHFUHWHG DFWLYLQ $ FRPSHWLWLYHO\ ELQGV WR WKH
7*)ȕ UHFHSWRU W\SH ,, $\NXO DQG 0DUWLQH]+DFNHUW  DQG XQGHUJRHV
HQGRF\WRVLVPHGLDWHGSURWHRO\WLFGHJUDGDWLRQ

$OWKRXJK RXU GDWD FRQILUPV SUHYLRXV ILQGLQJ WKDW LQWHUVWLWLDO IOXLG IORZ SURPRWHV
ILEUREODVWGLIIHUHQWLDWLRQYLD7*)ȕ1JHWDO6KLHKHWDODWDIOXLGIORZ
UDWHRIOPLQZHVKRZKHUHIRUWKHILUVWWLPHWKDWWKHFRPELQHGHIIHFWRIIOXLGIORZ
DQG7*)ȕUHYHUVHVWKLVSURFHVV:HSURYLGHHYLGHQFHWKDWWKLVHIIHFWLVDVVRFLDWHG
ZLWKUDSLGQXFOHDUORFDOLVDWLRQRI7*)ȕ5,,ZKLFKFRXOGUHVXOWLQGLVUXSWLRQRI7*)ȕ
5HFHSWRUW\SH,,UHFHSWRUOLJDQGFRPSOH[HVDQGGHJUDGDWLRQRIUHFHSWRUV'HO*DOGR
HWDO

2XU ILQGLQJV GHPRQVWUDWH WKDW ILEUREODVW UHVSRQVHV WR SURGLIIHUHQWLDWLRQ VLJQDOV
VXFKDV7*)ȕDUH UHJXODWHGE\SK\VLRORJLFDOO\ UHOHYDQWSK\VLFDO IRUFHVDQG WKLV
IDFWRUPXVWEHFRQVLGHUHGZKHQGHVLJQLQJLQYLWURVWXGLHV5HYHUVDORIWKLVDFWLYDWHG
SKHQRW\SH LQGHUPDO ILEUREODVWVXSRQZLWKGUDZDORI IOXLG IORZUHYHDOV WKDW ILEUREODVW
DFWLYDWLRQWKURXJKWKLVPHFKDQLVPLVWUDQVLHQWDQGSRVVLEO\LQGLFDWHVDPHFKDQLVPΊωωϋϖ
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WR UHVSRQG WR G\QDPLF FKDQJHV LQ WKH PHFKDQLFDO HQYLURQPHQW in vivo WR DOORZ
KRPHRVWDVLVLQFRQQHFWLYHWLVVXH:HFRQFOXGHWKDWIOXLGIORZDFWVDVDKRPHRVWDWLF
UHJXODWRURIILEUREODVWSKHQRW\SHPRGHUDWLQJILEUREODVWUHVSRQVHVWKURXJKWKH7*)
ȕSDWKZD\2XUGDWDSURYLGHWKHILUVWGLUHFWHYLGHQFHRIIOXLGIORZPHGLDWHGEXIIHULQJ
RIUHVSRQVHVWRFKHPLFDOVWLPXOLLQILEUREODVWV

Materials and Methods
5HDJHQWVDQGDQWLERGLHV$OORIWKHUHDJHQWVXVHGLQWKLVVWXG\ZHUHSXUFKDVHGIURP
6LJPDXQOHVVRWKHUZLVHVWDWHG7KHDQWLERGLHVXVHGDUHVKRZQLQ7DEOH

Cell Culture 
1RUPDO RUDO ILEUREODVWV 12) ZHUH GHULYHG IURP HWKLFDOO\ DSSURYHG ZDVWH
WLVVXHVSURGXFHGGXULQJRUDOVXUJLFDOSURFHGXUHVXQGHUWDNHQDWWKH&KDUOHV&OLIIRUG
'HQWDO +RVSLWDO 6KHIILHOG 8. 1RUPDO KXPDQ GHUPDO ILEUREODVWV 1+')& ZHUH
SXUFKDVHG IURP 3URPRFHOO )LEUREODVWV IURP ERWK VRXUFHV ZHUH FXOWXUHG LQ '0(0
VXSSOHPHQWHGZLWKYYIRHWDOFDOIVHUXP)&6DQGSHQLFLOOLQVWUHSWRP\FLQ
2UDOILEUREODVWVZHUHXVHGIURPDVLQJOHGRQRUDWSDVVDJHQXPEHUVEHWZHHQDQG
DQG H[SHULPHQWV ZHUH UHSHDWHG WKUHH WLPHV 7KLV VWXG\ ZDV DSSURYHG E\ WKH
8QLYHUVLW\ RI 6KHIILHOG (WKLFV FRPPLWWHH (WKLFV &RPPLWWHH DSSURYDO 5HI
+
Experimental design using the Quasi Vivo bioreactor 
7KH4XDVL9LYRELRUHDFWRU.LUNVWDOO/LPLWHG8.LVFRPSRVHGRIFKDPEHUVRISRO\
GLPHWK\OVLOR[DQH 3'06 LQWHUFRQQHFWHG LQ D VHULHV )LJ D $ SXPS FLUFXODWHG
'0(0 FRQWDLQLQJ  )&6 RYHU ILEUREODVW FXOWXUHV LQ VL[ FKDPEHUV RI WKH
ELRUHDFWRU7KHFHOOVZHUHVXEMHFWHGWRDIORZUDWHRIHLWKHUȝ/PLQRUȝ/PLQ
IRU  K )RU H[SHULPHQWDWLRQ FHOOV ZHUH VHHGHG RQWR JODVV FRYHUVOLSV LQ ZHOO
SODWHVDQGPDLQWDLQHGDWR&IRUKSULRUWRWUDQVIHUULQJLQWRIORZFKDPEHUV
Microarray analysis 
7KHHIIHFWRI IOXLG IORZZDVVWXGLHGE\VXEMHFWLQJGHUPDO ILEUREODVWV WRYDU\LQJIOXLG
IORZ UDWHV LQ WKH ELRUHDFWRU IRU K 51$ ZDV REWDLQHG IURP GHUPDO ILEUREODVWV
H[SRVHGWR/PLQDQG/PLQIORZUDWHDQGOLQHDUDPSOLILFDWLRQRIWKH51$
ZDVSHUIRUPHGXVLQJWKH*HQH&KLS
,97([SUHVV.LW$II\PHWUL[DFFRUGLQJWRWKH
PDQXIDFWXUHU(?V JXLGHOLQHV %ULHIO\  QJ 51$ ZDV UHYHUVH WUDQVFULEHG XVLQJ DQΊωωϋϖ
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ROLJR G7 SULPHUV DQG WKHQ FRQYHUWHG WR GRXEOHVWUDQGHG F'1$ FRQWDLQLQJ D 7
SRO\PHUDVHSURPRWHUVLWH/LQHDUDPSOLILFDWLRQZDVGULYHQE\D7SURPRWHU IRU
KRXUVDWR&DQGJHQHUDWHG ODEHOOHGDQWLVHQVH D51$XVLQJELRWLQ\ODWHGG873V
JRID51$ZDVIUDJPHQWHGLQEXIIHUFRQWDLQLQJ0JDW&IRUPLQXWHVDQG
DQDO\VHG XVLQJ DQ 51$  1DQR &KLS RQ WKH  %LRDQDO\]HU $JLOHQW
+\EULGLVDWLRQZDVFDUULHGRXWXVLQJWKH*HQH&KLS+\EULGL]DWLRQ:DVKDQG6WDLQ
.LW $II\PHWUL[ %ULHIO\  J RI IUDJPHQWHG D51$ ZDV DGGHG WR WKH PDVWHUPL[
VROXWLRQ FRQWDLQLQJ SUHODEHOOHG K\EULGL]DWLRQ FRQWUROV ELR% ELR& ELR' DQG FUH
JHQHV DQG SRVLWLYH ROLJRQXFOHRWLGH % FRQWURO % ROLJR $IWHU  KRXUV
K\EULGLVDWLRQ DW R& ZLWK URWDWLRQ DW  USP WKH $II\PHWUL[ 8 3OXV 
*HQH&KLSV ZHUH ZDVKHG DQG VWDLQHG LQ D *HQH&KLS )OXLGLFV 6WDWLRQ 
$II\PHWUL[DFFRUGLQJWRWKHPDQXIDFWXUHU(였sSURWRFRO6FDQQLQJZDVFDUULHGRXWRQD
*HQH&KLS 6FDQQHU  * $II\PHWUL[ 7KH VFDQQHG LPDJH ILOHV &(/ ZHUH
SURFHVVHG XVLQJ WKH ([SUHVVLRQ &RQVROH VRIWZDUH $II\PHWUL[ IRU TXDOLW\ FRQWURO
FKHFNVDQGWRJHQHUDWHDUREXVWPXOWLDUUD\DYHUDJH50$QRUPDOLVHGGDWDVHWRIWKH
VLJQDOLQWHQVLW\IRUHDFKSUREHVHW'LIIHUHQWLDOJHQHH[SUHVVLRQZDVGHWHUPLQHGXVLQJ
WKH 4OXFRUH 2PLFV H[SORUHU ZZZTOXFRUHFRP )XQFWLRQDO HQULFKPHQW ZLWKLQ
GLIIHUHQWLDOO\ H[SUHVVHG JHQHV ZDV GHWHUPLQHG XVLQJ WKH '$9,' IXQFWLRQDO
$QQRWDWLRQWRRO
Immunofluorescence staining  
Į60$SURWHLQZDVGHWHFWHGLQGHUPDOILEUREODVWVVXEMHFWHGWRDIORZUDWHRIO
PLQIRUK&HOOVZHUHVWLPXODWHGZLWKQJPO7*)ȕ5	'V\VWHPVLQERWK
VWDWLFDQGIORZFRQGLWLRQV&HOOVZHUHIL[HGLQPHWKDQRODQGSHUPHDELOLVHGZLWK
P0VRGLXPGHR[\FKRODWH1RQVSHFLILFELQGLQJZDVEORFNHGZLWKERYLQH
VHUXPDOEXPLQ%6$LQ3%6IROORZHGE\LQFXEDWLRQZLWK),7&FRQMXJDWHGDQWLDOSKD
VPRRWKPXVFOHDFWLQĮ60$DQWLERG\LQEORFNLQJEXIIHUIRURQHKRXUDW&
)LEUREODVWVWUHDWHGZLWKIOXLGIORZDWDUDWHRIOPLQIRUKZHUHOHIW LQVWDWLF
FRQGLWLRQVIRUDIXUWKHUKDQGVWDLQHGIRUĮ60$SURWHLQDVDERYH
'HUPDO ILEUREODVWVVXEMHFWHG WRD IORZUDWHRIOPLQ IRUKZHUH ODEHOOHG IRU
SKRVSKR 60$' &$9$ (($ DQG 7*)ȕ5,, &HOOV VWLPXODWHG ZLWK  QJPO
7*)ȕ5	'V\VWHPVZHUHXVHG LQERWKVWDWLFDQG IORZFRQGLWLRQV6WDLQLQJZDV
SHUIRUPHGE\IL[LQJFHOOVLQSDUDIRUPDOGHK\GHIROORZHGE\FHOOSHUPHDELOL]DWLRQ
LQ7ULWRQ;1RQVSHFLILFSURWHLQELQGLQJZDVEORFNHGZLWK%6$LQ3%6
DIWHU ZKLFK WKH FHOOV ZHUH LQFXEDWHG ZLWK SULPDU\ DQWLERGLHV 7DEOH  &HOOV ZHUHΊωωϋϖ
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WKHQPRXQWHGLQ'$3,FRQWDLQLQJDQWLIDGHUHDJHQWDQGYLHZHGXQGHUDIOXRUHVFHQW
PLFURVFRSH=HLVV$[LRSODQ,PDJLQJZLWKVRIWZDUHSURSOXV
7*)ȕSURWHLQH[SUHVVLRQZDVGHWHFWHGLQGHUPDOILEUREODVWVVXEMHFWHGDIORZUDWH
RI  O PLQ IRU  K IROORZHG E\ LPPXQRIOXRUHVFHQFH VWDLQLQJ DV GHVFULEHG
DERYH
Quantitative PCR analysis  
7RWDO 51$ QJ ZDV XVHG DV D WHPSODWH IRU F'1$ V\QWKHVLV XVLQJ WKH +LJK
&DSDFLW\ F'1$ 5HYHUVH 7UDQVFULSWLRQ .LW $SSOLHG %LRV\VWHPV DFFRUGLQJ WR WKH
PDQXIDFWXUHU(?VJXLGHOLQHV7KHWXEHVZHUHSODFHGLQWRDWKHUPDOF\FOHU'1$HQJLQH
'<$'DW&IRUPLQ&IRUKDQG&IRUPLQDQGWKHQKHOGLQ&
 O RI F'1$ ZDV DGGHG WR T573&5 PDVWHUPL[ FRQWDLQLQJ [ 6<%5 JUHHQ
PL[WXUH $SSOLHG %LRV\VWHPV ZLWK JHQH VSHFLILF SULPHUV IRU Į60$ &ROODJHQ ,$
$FWLYLQ$DQG&' 7DEOH $VVD\VZHUHSHUIRUPHG LQ WULSOLFDWHRQD+7
)DVW UHDO WLPH 3&5 PDFKLQH $SSOLHG %LRV\VWHPV 6'6 YHUVLRQ  DQG 54
0DQDJHU 9HUVLRQ$SSOLHG %LRV\VWHPV ZDV XVHG WR UHFRUG WKH &7 YDOXHV DV
GHWHUPLQHGIURPWKH6'6PDQDJHUVRIWZDUH7KHGHOWD&7YDOXHVZLWKUHIHUHQFHWR
HQGRJHQRXVFRQWUROV8ZHUHFDOFXODWHGPDQXDOO\
Immunoblotting
3URWHLQ VDPSOHV ZHUH H[WUDFWHG LQ 5,3$ O\VLV EXIIHU FRQWDLQLQJ SURWHDVH DQG
SKRVSKDWDVHLQKLELWRUV5RFKHIURPGHUPDOILEUREODVWVVXEMHFWHGWRIOXLGIORZDW
OPLQIRUK&HOOVVWLPXODWHGZLWKQJPO7*)ȕ5	'V\VWHPVZHUHXVHGLQ
ERWK VWDWLF DQG IORZ FRQGLWLRQV 7KH SURWHLQ FRQFHQWUDWLRQ RI HDFK VDPSOH ZDV
GHWHUPLQHG XVLQJ WKH %&$ 3URWHLQ $VVD\ .LW 7KHUPR )LVKHU 6FLHQWLILF  J RI
WRWDOSURWHLQH[WUDFWZDVUHGXFHGLQ6DPSOH5HGXFLQJ$JHQW[ORDGHGZLWK/'6
6DPSOH ORDGLQJ EXIIHU ; 1XSDJH DQG HOHFWURSKRUHVHG LQ  YY
SRO\DFU\ODPLGH JHOV DORQJ ZLWK (=5XQ70 3UHVWDLQHG 5HF 3URWHLQ /DGGHU )LVKHU
%LRUHDJHQWV3URWHLQZDVWUDQVIHUUHGWRDPQLWURFHOOXORVHPHPEUDQH3UR7UDQ
*(+HDOWKFDUHXVLQJ7UDQV%ORW7XUER7UDQVIHU6\VWHP *(+HDOWKFDUH7KH
PHPEUDQHVZHUHEORFNHG LQERYLQHVHUXPDOEXPLQ LQ;7%6FRQWDLQLQJ
7ZHHQRYHUQLJKWDW&0HPEUDQHVZHUHLQFXEDWHGZLWKUDEELWPRQRFORQDODQWL
6PDGSKRVSKR66DQWLERG\IRUKDWURRPWHPSHUDWXUH1LWURFHOOXORVH
PHPEUDQHV ZHUH ZDVKHG WKUHH WLPHV LQ WKH 7%67ZHHQ DQG WKHQ LQFXEDWHG ZLWK
+53 FRQMXJDWHG DQWLUDEELW VHFRQGDU\ DQWLERG\ IRU  K DW URRP WHPSHUDWXUH DQG
ZDVKHG WKUHH WLPHV LQ 7%67 3URWHLQ EDQGV ZHUH YLVXDOL]HG XVLQJ DΊωωϋϖ
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FKHPLOXPLQHVFHQFH GHWHFWLRQ NLW (&/ :HVWHUQ %ORWWLQJ 6XEVWUDWH 3LHUFH DQG
GHYHORSHG XVLQJ ;3RVXUH ILOP LQ DQ DXWRPDWLF SURFHVVRU ,Q RUGHU WR GHWHUPLQH
ORDGLQJHIILFLHQF\PHPEUDQHVZHUHURXWLQHO\VWULSSHGZLWK5HVWRUH:HVWHUQ%ORW
6WULSSLQJ%XIIHU7KHUPR6FLHQWLILFEORFNHGLQ7%67ZHHQIRUKDQGUHSUREHGZLWK
ȕDFWLQDQWLERG\IRUK0HPEUDQHVZHUHZDVKHGWKUHHWLPHVZLWK7%67ZHHQDQG
SUREHG ZLWK +53 FRQMXJDWHG VHFRQGDU\ DQWLERG\ IRU  K 7KH PHPEUDQHV ZHUH
YLVXDOLVHGDVGHVFULEHGDERYH
Enzyme linked immunosorbent assay (ELISA)
&RQGLWLRQHG PHGLXP IURP FHOOV ZHUH FRQFHQWUDWHG  WLPHV XVLQJ $PLFRQ 8OWUD
&HQWULIXJDO)LOWHU8QLWV&HOOXODUO\VDWHVDPSOHVZHUHREWDLQHGXVLQJ5,3$O\VLVEXIIHU
FRQWDLQLQJ SURWHDVH LQKLELWRUV DQG WKH SURWHLQ FRQFHQWUDWLRQ ZDV GHWHUPLQHG DV
DERYH $FWLYLQ $ DQG 7*)ȕ FRQFHQWUDWLRQ ZDV GHWHUPLQHG XVLQJ $FWLYLQ $
4XDQWLNLQH (/,6$ .LW DQG 7*)ȕ (PD[ ,PPXQR$VVD\ 6\VWHP 3URPHJD
&RUSRUDWLRQ UHVSHFWLYHO\ DFFRUGLQJ WR PDQXIDFWXUHU(였sLQVWUXFWLRQV $FWLYLQ $ DQG
7*)ȕFRQFHQWUDWLRQZDVHVWLPDWHGXVLQJWKHDEVRUEDQFHYDOXHVRIWKHVWDQGDUG
FXUYHDQGLQWHUSRODWLQJWKHWHVWVDPSOHDEVRUEDQFHYDOXHVXVLQJ*UDSKSDG3ULVP
Statistical analyses 
6WDWLVWLFDO VLJQLILFDQFH RI GDWD ZDV WHVWHG XVLQJ RQH ZD\ $129$ ZLWK PXOWLSOH
FRPSDULVRQV(였 WHVWXVLQJ*UDSKSDG3ULVP
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Table 1: Antibodies used: 

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Table 2: Primers used for RT-PCR: 
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Figure Legends: 

Figure 1:  Gene expression changes when dermal fibroblasts were subjected 
to fluid flow. D 6FKHPDWLFGLDJUDPRI4XDVL9LYRELRUHDFWRU IORZVHWXSZLWKVL[
FKDPEHUV FRQQHFWHG ZLWK D SXPS FLUFXODWLQJ WKH PHGLXP RYHU FHOOV 5HG DUURZV
LQGLFDWHGLUHFWLRQRIIOXLGIORZE+HDWPDSRIWUDQVFULSWVWKDWZHUHGLIIHUHQWLDOO\
H[SUHVVHGXQGHUGLIIHUHQWIORZUDWHVDQGȝOPLQWWHVWSYDOXHF
9ROFDQR SORW RI WKH WRS  GLIIHUHQWLDOO\ H[SUHVVHG WUDQVFULSWV E\ SYDOXH G
)DFWRULVDWLRQE\SULQFLSDOFRPSRQHQWVZDVSHUIRUPHGIRUILEUREODVWH[SUHVVLRQRIWKH
 WUDQVFULSWVZKLFKDUHDOWHUHGXQGHU IORZDQGȝOPLQ 7KH ILEUREODVWV
DUHSORWWHGRQWKHILUVWWKUHHSULQFLSDOFRPSRQHQWVILEUREODVWVH[SRVHGWRȝ/PLQ
DUH SORWWHG LQ \HOORZ ILEUREODVWV H[SRVHG WR  ȝOPLQ DUH SORWWHG LQ F\DQ DQG
ILEUREODVWVLQVWDWLFFRQGLWLRQVDUHSORWWHGLQEOXHH7RSJHQHVDVVRFLDWHGZLWK
HQGRF\WRVLV DOWHUHG XQGHU IOXLG IORZ  ȝOPLQ S DQG I 7RS  JHQHV
DVVRFLDWHGZLWK7*)ȕSDWKZD\DOWHUHGXQGHUIOXLGIORZS

Figure 2: E[SUHVVLRQRIĮ-SMA, Collagen IA1 and phospho-SMAD3 under flow 
ȝ/PLQ.  ([SUHVVLRQRIĮ60$ZLWKIROGFKDQJHUHODWLYHWRHQGRJHQRXVFRQWURO
D LQ 'HUPDO Q  DQG E 2UDO ILEUREODVWV Q  S   VXEMHFWHG WR IORZ
([SUHVVLRQ RI &ROODJHQ ,$ ZLWK IROG FKDQJH UHODWLYH WR HQGRJHQRXV FRQWURO F LQ
'HUPDO Q  SDQGG2UDO ILEUREODVWV Q  SVXEMHFWHG WR IORZ
(UURU EDUV UHSUHVHQW 6(0  H 'HUPDO )LEUREODVWV VXEMHFWHG WR VWDWLF FRQGLWLRQV
7*)ȕ IORZ 7*)ȕ IRU K Q  I 'HUPDO )LEUREODVWV VXEMHFWHG WR VWDWLF
FRQGLWLRQV7*)ȕIORZ7*)ȕDQGVXEMHFWHGWRUHFRYHU\LQVWDWLFFRQGLWLRQVIRU
KQ J'HUPDO)LEUREODVWVVXEMHFWHGWRIORZIRUKDQGVWDLQHGZLWKSKRVSKR
60$'K([SUHVVLRQRISKRVSKR60$'SURWHLQUHODWLYH WRȕDFWLQH[SUHVVLRQ LQ
GHUPDOILEUREODVWV$OOLPDJHVZHUHFDSWXUHGDW;PDJQLILFDWLRQXVLQJWKHVDPH
H[SRVXUHWLPH

Figure 3: Changes in expression of caveolin 1a in dermal fibroblasts subjected 
to fluid flow (150µl/min) for 2h.D&HOOVXUIDFHSURWHLQH[SUHVVLRQRI FDYHROLQ$
JUHHQ LQ XQSHUPHDELOLVHG GHUPDO ILEUREODVWV DQG E F\WRSODVPLF H[SUHVVLRQ RI
FDYHROLQ$SURWHLQLQSHUPHDELOLVHGILEUREODVWV
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Figure 4: Expression of transforming growth fDFWRUȕreceptor type 2 and early 
endosomal antigen-1 in dermal fibroblasts subjected to flRZȝ/PLQ for 2 
h. &HOOVDUHVWDLQHGZLWK(($ JUHHQ7*)ȕ5,, UHGDQG'$3, EOXH
DQGPHUJHGLPDJHVUHGEOXHJUHHQLQILEUREODVWVWUHDWHGDLQVWDWLFFRQGLWLRQV
EVWDWLFFRQGLWLRQVVWLPXODWHGZLWK7*)ȕF IOXLG IORZDQGG IOXLG IORZVWLPXODWHG
ZLWK7*)ȕ$OOLPDJHVZHUHFDSWXUHGDW;PDJQLILFDWLRQ

Figure 5: Expression of transforming growth factor ȕ LQ GHUPDO ILEUREODVWV
subjected to flow ȝl/min) for 24h. D6HFUHWHG7*)ȕSURWHLQH[SUHVVLRQLQ
GHUPDOILEUREODVWVVXEMHFWHGWRIOXLGIORZDWOPLQQ UHSUHVHQWVS
E3URWHLQH[SUHVVLRQRIFHOOXODU7*)ȕLQGHUPDOILEUREODVWVVXEMHFWHGWRIOXLGIORZ
DW  OPLQ Q  ,PPXQRIOXRUHVFHQFH GHWHFWLRQ RI 7*)ȕ LQ F GHUPDO
ILEUREODVWV WUHDWHG LQ VWDWLF FRQGLWLRQV DQG G GHUPDO ILEUREODVWV VXEMHFWHG WR IORZ
Q 
 
Figure 6: Expression of activin A in dermal fibroblasts subjected to fluid flow 
ȝOPLQ WUHDWPHQW IRU K D*HQHH[SUHVVLRQRI DFWLYLQ$ZLWK IROG FKDQJH
UHODWLYH WR HQGRJHQRXV FRQWURO GHUPDO ILEUREODVWV VXEMHFWHG WR IORZ Q  
UHSUHVHQWV S    E 3URWHLQ H[SUHVVLRQ RI FHOO DVVRFLDWHG DFWLYLQ$ Q  
UHSUHVHQWV S   DQG F 3URWHLQ H[SUHVVLRQ RI VHFUHWHG DFWLYLQ$ LQ GHUPDO
ILEUREODVWVVXEMHFWHGWRIOXLGIORZQ UHSUHVHQWVS

Figure 7: 3URWHLQH[SUHVVLRQRIĮ-SMA protein in dermal fibroblasts subjected 
to fluid flow  ȝOPLQ IROOLVWDWLQ-288, TGF-ȕ DQG DFWLYin A treatment for 
24h. D ([SUHVVLRQ RI Į60$ SURWHLQ LQ GHUPDO ILEUREODVWV VXEMHFWHG WR IOXLG IORZ
ȝOPLQIRUKQ 7RSSDQHO7*)ȕQJPODFWLYLQ$QJPOIOXLGIORZ
OPLQDQG%RWWRPSDQHO)ROOLVWDWLQQJPO7*)ȕQJPOWUHDWHGZLWK
IROOLVWDWLQ  QJPO DFWLYLQ$   QJPO WUHDWHG ZLWK IROOLVWDWLQ  QJPO )OXLG IORZ
 OPLQ WUHDWHG ZLWK IROOLVWDWLQ QJPO E ,PDJH - EDVHG TXDQWLILFDWLRQ RI Į
60$SURWHLQLQGHUPDOILEUREODVWVVXEMHFWHGWRIOXLGIORZȝOPLQIRUKQ 
WUHDWHG ZLWK PLQLPDO PHGLXP 7*)ȕ  QJPO IROOLVWDWLQ  QJPO DFWLYLQ$ 
QJPO DFWLYLQ$  QJPO LQ FRPELQDWLRQ ZLWK IROOLVWDWLQ  QJPO DQG F ,PDJH -
EDVHG TXDQWLILFDWLRQ RI Į60$ SURWHLQ LQ GHUPDO ILEUREODVWV LQ GHUPDO ILEUREODVWV
WUHDWHGZLWK7*)ȕQJPO7*)ȕ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